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Study  region:  The  groundwater  inﬂuenced  coastal  waters  along  the  arid  Kona  coast  ofthe
Big Island,  Hawai’i.
Study focus:  A  salinity-and  phase  partitioning-based  mixing  experiment  was  constructed
using  contrasting  groundwater  endmembers  along  the  arid  Konacoast  of  the  Big Island,
Hawai’i and  local  open  seawater  to  better  understand  biogeochemical  and  physicochem-
ical  processes  that  inﬂuence  the  fate of  submarine  groundwater  discharge  (SGD)-derived
nutrients  and trace  elements.
New  Hydrological  Insights  for  the  Region:  Treated  wastewater  efﬂuent  was  the main  source
for nutrient  enrichment  downstream  at the Honoko¯hau  Harbor  site.  Conservative  mixing
for some  constituents,  such  as  nitrate  + nitrite,  illustrate  the  effectiveness  of  physical  mix-
ing to maintain  oceanic  concentrations  in the  colloid  (0.02–0.45  m) and  truly  dissolved
(<0.02  m)  forms.  In contrast,  the  nonconservative  behavior  of  phosphate  highlights  the
importance  of surface  complexation  reactions  that can  lead  to higher  concentrations  based
on conservative  mixing  alone.  Results  from  this  physiochemical  mixing  experiment  demon-
strate how  relative  availability  of  P can shift  with  adsorption  behavior,  affecting  the  mobility
of phosphate  in the  environment.  With  a proposed  8-hectare  wastewater  treatment  facil-
ity (WWTF)  to be  constructed  upslope  of the  Kaloko-Honoko¯hau National  Historical  Park
(NHP),  treated  efﬂuent  is  projected  to  add additional  nutrients.  Combined  with  high  per-
meability,  rapid  discharge,  and  increased  nutrient  loading  SGD will  likely  continue  to  serve
as a persistent  source  of nutrients  and potential  contaminant  to coral  ecosystems.
Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
. IntroductionPlease cite this article in press as: Prouty, N.G., et al., Groundwater-derived nutrient and trace element trans-
port to a nearshore Kona coral ecosystem: Experimental mixing model results. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2015.12.058
Along the arid west coast of the island of Hawai‘i submarine groundwater discharge (SGD) is the dominant water-
orne transport vector for nutrients and trace elements to the coastal ocean (e.g., Bienfang, 1980; Johnson et al., 2008;
arsons et al., 2008; Street et al., 2008; Peterson et al., 2009; Knee et al., 2010). Chemical export of trace elements is an
∗ Corresponding author. Fax: +1 831427 4748.
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214-5818/Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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important source to the coastal ocean (Shaw et al., 1998; Basu et al., 2001; Moore et al., 2006; Beck et al., 2007; Bone
et al., 2007; Moore, 2010; Santos et al., 2011; Beck and Cochran, 2013; Gonneea et al., 2013) suggesting that “subterranean
estuaries” alter nearshore trace element concentrations (Moore, 1996; Santos et al., 2008; Swarzenski and Izbicki, 2009).
As a result, discharge of groundwater can impact marine biotic communities by delivering heightened nutrient and trace
metal loads that may  lead to eutrophication, harmful algal blooms (Anderson et al., 2002), decreased coral abundance
and diversity, and increased macroalgal abundance (Fabricius, 2005; Lapointe et al., 2005). In particular, eutrophication
caused by nitrogen and phosphorous pollution from land-based sources (e.g., septic leachate, fertilizers), can alter ecosystem
function and structure by shifting reefs dominated by corals to algae (Howarth et al., 2000; Andrefouet et al., 2002; Hughes
et al., 2007), and increase vulnerability of reefs to coral disease (Bruno et al., 2003; Redding et al., 2013). Therefore, coral
reefs directly inﬂuenced by SGD are particularly sensitive to land-based activities that can alter groundwater quantity and
quality.
The coral reef complex of Honoko¯hau Bay within Kaloko-Honoko¯hau National Historical Park (NHP) on the central,
leeward coast of Hawai‘i provides critical structure (e.g., habitat) for the area’s coastal ecosystems. Freshened surface water
plumes derived from SGD are prevalent in most areas of the Park within 5-m water depth (Johnson et al., 2008). The inﬂuence
of SGD in this region was also noted by Parsons et al. (2008) reporting salinities at nearshore reef sites commonly below
open ocean values. Elevated nutrient loads observed in coastal groundwater have been attributed to recent land-use changes
upslope (e.g., residential subdivisions, golf courses, unsewered suburban and commercial developments, agriculture) as well
as the establishment of the Kealakehe Wastewater Treatment Facility (WWTF) (Johnson et al., 2008; Knee et al., 2010; Hunt,
2014). The WWTF  discharges efﬂuent into an excavated pit approximately 1 km up gradient from the Honoko¯hau Harbor at
a rate of 4921– 6435 m3 day−1 (Parsons et al., 2008), acting as a point-source for nutrients to the oligotrophic seawater of
this region.
The primary aim of this process-level study was  to investigate the delivery and transformations of trace elements and
nutrients, including the role of colloids in nutrient and metal ﬂuctuations in a subterranean estuary by conducting a series
of mixing experiments using two contrasting groundwater endmembers collected from the Kona coast. This experimental
mixing approach cannot account for the full spectrum of conditions within a subterranean estuary (e.g., redox conditions,
physicochemical properties of the aquifer substrate, and spatial or temporal changes in solution composition within the
aquifer) however, results from the mixing model can provide insight on fundamental reactions inherent to the FW-SW
mixing zone. For example, along an estuarine salinity gradient, surface complexation models (SCMs) predict that phosphate
will desorbs from metal oxyhydroxides as pH increases (e.g., Gao and Mucci, 2001; Gao and Mucci, 2003). Determining the
patterns and processes that inﬂuence the fate of SGD mixing with nearshore waters is important for effective management
of coastal resources where population growth and resulting land development projects may  lead to increased stressors to
nearshore coral ecosystems on the island of Hawai‘i.
2. Methods
2.1. Study site
The island of Hawai‘i is the largest of the Hawaiian Islands and lies between 154◦48′W and 156◦04′W and between
latitude 18◦54′N and 20◦17′N (Fig. 1 ). The island is composed of ﬁve shield volcanoes: Kohala, Mauna Kea, Huala¯lai,
Mauna Loa, and Kı¯lauea (Langenheim and Clague, 2015; Clague, 1987). The study site is on the Kona Coast on the lee-
ward, west side, bounded on the east by the south-southeast rift zone of Huala¯lai Volcano and the southwest rift zone
of Mauna Loa Volcano, and on the west and south by the Paciﬁc Ocean. The upland area of the of Kaloko-Honoko¯hau
NHP region is composed of three Holocene basalt ﬂows that originated from the Huala¯lai Volcano (altitude of 2.5 km)
and range in age from 10 ka to 1.5 ka (Wolfe and Morris, 1996). The Huala¯lai volcanics are dominated by alkali basalt
with tholeiitic basalt present in submarine samples from dredges (Clague, 1987; Langenheim and Clague, 2015). Thin
basalt ﬂows, ranging in thickness from less than a meter to several meters, form aquifers characterized by thin fresh-
water lenses with high permeability and rapid discharge, with the best developed aquifers in volcanic rocks that formed
during the main shield volcano building stage (Gingerich and Oki, 2000). Groundwater ﬂows rapidly from the mountains
to the sea, with recharge occurring through inﬁltration, primarily via precipitation, and inﬂow from higher groundwater
systems (Oki, 1999; Bauer, 2003). Sources of freshwater include recharge up gradient, inﬁltration of rainfall and fog drip,
and irrigation water. The area of highest recharge is at altitudes greater than 600 m.  Rainfall is less than 64 cm year−1 on
the coast but over 250 cm year−1 on the mountain slope (Giambelluca et al., 2013). The development of soil is minimal
due to the young age of the basalt and low rainfall, therefore rainfall percolates downward, contributing to groundwa-
ter rather than overland ﬂow. Hydraulic conductivity within the Park was estimated at 2.3 km day−1 and between 0.15 to
10 km day−1 north of the Park (Oki, 1999). Groundwater in the Kona area is characterized by a coastal unconﬁned ground-Please cite this article in press as: Prouty, N.G., et al., Groundwater-derived nutrient and trace element trans-
port to a nearshore Kona coral ecosystem: Experimental mixing model results. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2015.12.058
water system in the form of a freshwater lens, as water impounded to high levels within the inland part of the aquifer with
lower overall permeability, and as a coastal conﬁned-groundwater system beneath the coastal freshwater-lens system (Oki
et al., 1999; Tillman et al., 2014). Permeability is high within the coastal aquifer and is enhanced by the presence of lava
tubes.
Please cite this article in press as: Prouty, N.G., et al., Groundwater-derived nutrient and trace element trans-
port to a nearshore Kona coral ecosystem: Experimental mixing model results. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2015.12.058
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Fig. 1. (a) Map of the Big Island of Hawai‘i indicating locations for groundwater sampling sites along the Kona coast including Kı¯holo Bay,
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Table 1
Sampling sites for groundwater and surface seawater from Kona, Hawai‘i and in-situ water properties measured from an YSI multi-sensor probe.
Sample site Date of collection State ID Lat. Long. Salinity Temp. (◦C) pH DO% DO mg L−1
HH monitor well no. 2 10/27/12 n/a 19.6679 −156.0144 5.70 23.10 6.9 31.9 2.7
Lava  tube, Kiholo Bay 10/28/12 n/a 19.8540 −155.9231 2.08 22.26 7.7 93.8 8.1
KAHO-NHP well 1 10/29/12 4161-01 19.6872 −156.0294 6.12 19.97 7.2 63.7 5.6
KAHO-NHP well. 2 10/29/12 4161-02 19.6858 −156.0236 4.93 20.93 7.6 72.7 6.3
KAHO-NHP well 3 10/29/12 4061-01 19.6783 −156.0222 11.09 21.07 6.8 58.9 4.9
seawater 10/26/12 n/a 19.6684 −156.0320 35.4 27.2 n/a n/a n/a
2.2. Honoko¯hau Harbor transect
To quantify the size and shape of the SGD plume, a shore-perpendicular transect was  sampled within and offshore of the
Honoko¯hau Harbor for temperature and salinity (Fig. 1c). Using a small boat and a calibrated SONTEK CastAway handheld
CTD (sampling rate = 5 Hz), 18 vertical proﬁles of water column temperature and salinity were made along a 1.4-km transect
to the interior terminus of the harbor (Fig. 1c). The Honoko¯hau Harbor is a small boat marina that was excavated from the
coastal lava in 1970 and expanded in 1978. A persistent inﬂux of brackish groundwater along the most eastern (inland)
extent of the harbor was observed in the distributions of temperature, salinity, and nutrient anomalies (Bienfang, 1980;
Parsons et al., 2008).
2.3. Endmember samples
Groundwater endmember samples were collected in October 2012 during low tide and a relatively dry period from three
shallow groundwater observation wells located within the northern half of Kaloko-Honoko¯hau NHP (state well numbers
4061-01, 4161-02, and 4161-01), a lava tube near Kı¯holo Bay approximately 23 km north of the Honoko¯hau Harbor, and the
Honoko¯hau Harbor (HH) monitor well no. 2 located just downstream (550 m)  from the Kealakehe efﬂuent disposal site and
upslope of the southern end of the Park (Fig. 1). For comparison, efﬂuent from the Kealakehe WWTF  was also collected in
October 2012 for analyses. All but the lava tube sampling sites were drilled and cased with PVC and frequently sampled.
An YSI multi-sensor probe was used to monitor temperature, pH, and dissolved oxygen (% and mg  l−1) from the sampling
wells (Table 1). In-situ salinities from the wells within the Park range from 4.93 to 11.09 (Table 1), characteristic of the
Park’s groundwater ﬂow system that is composed of brackish water overlying saltwater (Oki et al., 1999). Salinity from the
HH monitor well no. 2 was 5.7, whereas groundwater collected from the lava tube was  fresher, measured at 2.0. Using a
Fultz Pump, groundwater was collected after purging the wells by pumping at least three well volumes at a ﬂow rate of
approximately 4 L min −1. Five-liter water samples were collected in acid-washed carboys and kept chilled for sequential
ﬁltration, as described in detail below. A 40-L surface seawater sample was  collected 500 m seaward from the mouth of
the harbor (Fig. 1), and is considered representative of the seawater endmember. The location where the surface seawater
sample was collected is also characterized by extensive coral growth (Cochran et al., 2006). Water collected from the HH
monitor well no. 2 and lava tube sampling sites was mixed with local ocean seawater (salinity 35.4) to construct salinity
gradients as described below.
2.4. Mixing experiment and sequential ﬁltration
Two sets of mixing experiments were conducted by combining aliquots of the representative groundwater endmembers
collected either from the HH monitor well no. 2 or the lava tube site, with aliquots of the local seawater endmember to
construct a full salinity gradient. Resultant mixtures of known salinities were allowed to equilibrate for a minimum of 2 h
to ensure sufﬁcient mixing between endmembers. Once thoroughly mixed, sequential ﬁltration was  conducted to examine
the potential role of colloids on trace element concentrations (Sholkovitz, 1995). Using a peristaltic pump and a 0.45-m
Geotech in-line ﬁlter, a mixed water sample was ﬁrst ﬁltered to obtain a colloid fraction (0.02–0.45 m).  To separate the
colloid fraction from the “truly dissolved” fraction (<0.02 m)  for trace elements, the sample was  then further ﬁltered
through a 0.02-m syringe ﬁlter. In contrast, only the colloid fraction was  collected for nutrient analysis using a 0.45-m
Geotech in-line ﬁlter. All samples were collected into acid-washed polyethylene sample bottles and stored frozen. A replicate
nutrient sample for PO43− analysis was collected and acidiﬁed to pH < 2 with ultra-pure 6 N nitric acid following previouslyPlease cite this article in press as: Prouty, N.G., et al., Groundwater-derived nutrient and trace element trans-
port to a nearshore Kona coral ecosystem: Experimental mixing model results. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2015.12.058
established protocols to prevent scavenging by precipitation of iron oxides (Swarzenski et al., 2007). Suspended particulate
matter (SPM) concentrations were also obtained from separate 1-L water samples that were ﬁltered through pre-weighed
0.45 m glass ﬁber ﬁlters (GFF).
(b) observation well sites in the Kaloko-Honoko¯hau National Historical Park (KAHO-NHP; green boundary) and seawater sampling site (white star) in Kaloko
Bay.  Honoko¯hau Harbor monitor well no. 2 (HH), and Kealakehe wastewater treatment facility (WWTF). (c) Sampling CTD transect within Honoko¯hau Harbor
(For  interpretation of the references to color in this ﬁgure legend, the reader is referred to the web  version of this article).
ARTICLE IN PRESSG ModelEJRH-222; No. of Pages 12
N.G. Prouty et al. / Journal of Hydrology: Regional Studies xxx (2016) xxx–xxx 5
F
p
t
2
(
a
d
c
B
s
b
I
l
3
3
oig. 2. (a) Plot of a ∼1.5-km-long temperature and salinity transect with 18 stations across the Honoko¯hau Harbor created from high-resolution vertical
roﬁles of water column temperature and salinity. Vertical proﬁles for CTD stations (b) no. 4 and (c) no. 7 sampled at 0.7 and 1.2 km from the harbor inland
erminus, respectively.
.5. Nutrient and trace element analyses
Nutrients were analyzed at the Woods Hole Oceanographic Institution (WHOI) via ﬂow injection analysis for ammonium
NH4+), silicic acid (H4SiO4), phosphate (PO43−), and nitrate + nitrite (NO3− + NO2−) with precisions of 0.60%, 0.78%, 0.86%,
nd 0.33% relative standard deviation, respectively. Total dissolved nitrogen (TDN) was measured by persulfate oxidation,
issolved inorganic nitrogen (DIN) was calculated as NH4+ + NO2− + NO3−, and dissolved organic nitrogen (DON) was  cal-
ulated as TDN-DIN. The nutrient analyses for the Kealakehe WWTF  sample were done by the SOEST Lab for Analytical
iogeochemistry (SLAB) at the University of Hawaii at Manoa. TDN was  measured using persulfate oxidation with a relative
tandard deviation of 0.98%. DIN and DON concentrations we calculated as above. A suite of trace elements with sensitivity to
oth SGD and land based-sources were determined by high-resolution inductively coupled plasma mass spectrometry (HR-
CP-MS) at the University of Southern Mississippi. Select trace element (Mo, Ba, Re, V, and U) concentrations with detection
imits above background are reported below.
. ResultsPlease cite this article in press as: Prouty, N.G., et al., Groundwater-derived nutrient and trace element trans-
port to a nearshore Kona coral ecosystem: Experimental mixing model results. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2015.12.058
.1. Harbor CTD transect and in-situ mixing
The general trend in water properties (i.e., temperature and salinity) from a cross-shore transect conducted within and
ffshore of the Honoko¯hau Harbor is a freshening and cooling of surface water toward the harbor inland terminus (Fig. 2).
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Table 2a
Trace element concentration (nM) for groundwater (GW) end members collected from the Kona Coast, Hawai‘i from the colloid bound (0.02–0.45 m)  and
truly  dissolved (<0.02 m fractions isolated through sequential ﬁltration.
Element HH monitor well no. 2 Lava tube, Kiholo Bay KAHO-NHP well 1 KAHO-NHP well 2 KAHO-NHP well 3
[nM] 0.45 m 0.02 m 0.45 m 0.02 m 0.45 m 0.02 m 0.45 m 0.02 m 0.45 m 0.02 m
Mo 29 31 66 66 36 37 30 30 50 49
Ba  45 45 43 40 27 27 21 21 44 43
V  744 698 2150 2176 1750 1669 1247 1673 1079 1151
U  <1 <1 2 2 3 3 2 2 4 4
Table 2b
Trace element concentration (nM) for local nearshore seawater end members collected from the Kona Coast, Hawai‘i from the colloid bound (0.02–0.45 m)
and  truly dissolved (<0.02 m)  fractions isolated through sequential ﬁltration.
Element Seawater transect 1 Seawater transect 2
[nM] 0.45 m 0.02 m 0.45 m 0.02 m
Mo 112 210 112 113
Ba  35 45 36 35
V  68 49 72 58
U  12 9 12 11
Table 3
Nutrient concentration reported as mean and standard deviation (±) in M for ammonium (NH4+), silicate (SiO2−), phosphate (PO4−), and nitrate + nitrite
(NO3− + NO2−) with precision of 0.6%, 0.78%, 0.86% and 0.33% relative standard deviation. *Samples acidiﬁed after ﬁltration.
Site PO43− (M) PO43− (M)* H4SiO4 (M) NH4+(M) NO2− + NO3− (M) TDN (M) DON (M)
HH monitor well no. 2 26.2 37.3 376.2 1.3 187.4 255.2 66.6
Lava  tube, Kiholo Bay 1.9 2.1 432 0.3 26.5 27.7 1.0
KAHO-NHP well 1 3.6 4.1 389.1 0.9 66.5 69.1 66.5
KAHO-NHP well 2 2.1 2.3 392.1 1.1 31.2 52.6 31.2
KAHO-NHP well 3 2.7 3.0 310.7 2.2 39.3 50.7 39.3
Kealakehe WWTF  220.3 n/a 890.4 1.7 860.2 n/a n/a
Local  seawater 0.1 0.4 28.4 0.1 4.1 21.6 17.3
A shift in the pattern of temperature and salinity vertical proﬁles was observed at CTD station no. 7 (Fig. 2c), approximately
1.2 km from the harbor inland terminus, where temperatures decreased with depth below 4 m (Fig. 2b). Oceanic conditions
in temperature and salinity were reached at a distance of 1.5 km seaward from the harbor back wall. Salinity and temperature
increase in a steady and generally linear fashion with distance from the harbor terminus with deviations from the mixing
line observed at salinities less than 25 (Fig. 2a)
3.2. Trace elements and experimental mixing
Trace element concentrations in the colloid fraction (0.02–0.45 m)  were statistically indistinct (Student T-test; p > 0.05)
from the truly dissolved (<0.02 m)  fraction in the groundwater endmembers (Tables 2a and b). Mean vanadium (V) con-
centrations were highest (2176 nM)  in the groundwater endmember collected from the nearshore lava tube, whereas local
seawater endmember V concentrations ranged between 49 and 71 nM.  Barium (Ba) also exhibited enrichment in the ground-
water endmember samples with similar concentrations at the HH monitor well no. 2 and lava tube sampling sites, ranging
from 40 to 45 nM (Table 2a). In contrast, Mo  and U concentrations were higher at marine salinities (Fig. 3). Enrichment was
observed for U and V at the lava tube and the Park sampling sites relative to the HH monitor well no. 2 site (Table 2). Trace
element-salinity relations are illustrated in Fig. 3 and are generally conservative. Mixing lines for Ba and V are inverse with
salinity, whereas Mo,  and U are positively correlated to salinity (Fig. 3).
3.3. Nutrients and experimental mixing
Nutrient concentrations (H4SiO4, PO43−, and NO3−, and NO2−) in the coastal groundwater endmembers were enriched
relative to seawater concentrations with the exception of NH4+ for which overall concentrations were negligible (<2 M)
(Table 3). Expectedly, the WWTF  sample was the most nutrient enriched. PO43− and NO2− + NO3− concentrations were
enriched in the HH monitor well no. 2 site relative to the other groundwater sampling sites (Table 3). Elevated nitrogen
concentrations at this site were dominated by NO3− rather than NO2−. The enrichment at the HH monitor well no. 2 sitePlease cite this article in press as: Prouty, N.G., et al., Groundwater-derived nutrient and trace element trans-
port to a nearshore Kona coral ecosystem: Experimental mixing model results. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2015.12.058
was also observed in TDN, DON, and DIN values, with TDN values dominated by inorganic N (Table 3).
Nutrient concentrations from this study display a conservative inverse relation with salinity (Table 4; Fig. 4). The excep-
tion to this pattern is PO43− from the HH monitor well no. 2 mixing experiment, where pronounced deviations from the
conservative mixing line are observed in both the acidiﬁed and unacidiﬁed samples (Fig. 5). Instead of a linear mixing line, the
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Fig. 3. Experimental mixing gradients for the colloid fraction of select trace elements from groundwater endmembers collected from Honoko¯hau Harbor
(HH)  monitor well no. 2 (circles; solid line) and a lava tube near Kı¯holo Bay (squares; dashed line) mixed with local seawater for (a) uranium (U), (b)
molybdenum (Mo), (c) barium (Ba), and (d) vanadium (V) in nM.  Trace element concentrations for local seawater (stars). The best-ﬁt regression line is
shown for the experimental mixing lines for each trace element. For comparison, low salinity (<1) U concentrations from the regional coastal unconﬁned
groundwater (freshwater-lens system) ranged from at 0.28 to 0.69 nM (Tillman et al., 2014).
Table 4
Equations for two  endmember mixing model constructed from experimental mixing of local seawater and groundwater from the Honokohau Harbor (HH)
monitor well no. 2 and groundwater from a lava tube in the relatively rural Kiholo Bay region. Mixing lines are reported for (nutrients (M),  trace elements
(nM), pH, and suspended particulate matter (SPM, mg  L−1) with respective correlation coefﬁcients (p ≤ 0.05). *Samples acidiﬁed after ﬁltration.
Parameter HH monitor well no.2 correlation coefﬁcient Lavatube, Kiholo Bay correlation coefﬁcient
H4SiO4 (M)  y = −11.41x + 462.43 R2 = 0.97 y = −10.41x + 428.28 R2 = 0.93
PO43− (M) y = −0.11x2 + 3.49x + 9.03 R2 = 0.99 y = −0.06x + 1.92 R2 = 0.78
PO43− (M)* y = −0.08 ×2 + 2.23x + 26.74 R2 = 0.99 y = −0.07x + 2.53 R2 = 0.95
NO2− + NO3− (M) y = −6.23x + 237.67 R2 = 0.97 y = −0.98x + 39.93 R2 = 0.64
Mo  (nM) y = 2.79x + 13.36 R2 = 0.99 y = 1.39x + 62.39 R2 = 0.99
Ba  (nM) y = −0.37x + 47.44 R2 = 0.94 y = −0.30x + 44.49 R2 = 0.81
V  (nM) y = −21.42x + 816.29 R2 = 0.98 y = −58.66x + 2200.70 R2 = 0.98
U  (nM) y = 0.39x − 1.71 R2 = 0.99 y = 0.28x + 1.64 R2 = 0.99
p
c
t
t
(pH  y = 0.02x + 7.42 R2 = 0.80 y = 0.01x + 7.83 R2 = 0.23
SPM  mg  L−1 y = 3.82x + 1.02 R2 = 0.75 y = 3.45x − 0.563 R2 = 0.94
hosphate data can be ﬁt with a polynomial equation (R2 = 0.98–0.99), with the acidiﬁed and unacidiﬁed phosphate mixing
urves merging at a salinity > 20 (Fig. 5a). Phosphate values peak at a salinity of 15, with peak values 3.8 and 10.6 M greaterPlease cite this article in press as: Prouty, N.G., et al., Groundwater-derived nutrient and trace element trans-
port to a nearshore Kona coral ecosystem: Experimental mixing model results. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2015.12.058
han the HH monitor well no. 2 endmember for the acidiﬁed and unacidiﬁed mixing experiments, respectively. As a result,
here is a net release of PO43− of 463 M and 372 M for the unacidiﬁed and acidiﬁed mixing experiments, respectively
Fig. 5a).
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− −Fig. 4. Experimental mixing lines for the colloid fraction for (a) silicic acid (H4SiO4) and (b) nitrate + nitrite (NO3 + NO2 ) from groundwater endmembers
collected from Honoko¯hau Harbor (HH) monitor well no. 2 (circles, dashed line) and a lava tube near Kı¯holo Bay (squares, solid line) mixed with local
seawater.
4. Discussion
4.1. Source waters
Previous work along the Kona coast demonstrates the conservative behavior of nutrients as a result of mixing between
fresh, high-nutrient groundwater and saline, low-nutrient seawater (Parsons et al., 2008; Street et al., 2008; Peterson et al.,
2009; Knee et al., 2010). Overall, nutrient concentrations at higher salinities are close to seawater levels, reﬂecting the effec-
tiveness of physical mixing on nearshore nutrient concentrations (Bienfang et al., 2009). Results from our mixing experiments
are in agreement with previous observations along the Kona coast (Johnson et al., 2008; Knee et al., 2010), where elevated
nutrient concentrations are attributed to weathering of lava substrate and organic matter, and anthropogenic sources includ-
ing fertilizers and septic leachate (Hunt, 2014). As such, the geochemical characteriztics of the freshwater endmembers are
important as are the processes (physical, chemical, and biological) occurring during transport. Elevated nutrient concentra-
tions at the HH sampling well no. 2 relative to the observation wells within the Park and the Kı¯holo lava tube are likely a
reﬂection of proximity to the Kealakehe WWTF  (Johnson et al., 2008).
Relative to WWTF  endmember nutrient concentrations, the SGD endmember concentrations from the HH monitor well
no. 2 is a mixture of WWTF  efﬂuent that has undergone dilution from mixing with groundwater and seawater, consistent
with coastal aquifer mixing processes (Bienfang, 1980). The comparatively lower total N and P values within the Park and
lava tube sampling site reﬂect the fact that these sites are not directly downstream of point-source pollution. However,
elevated nutrients, particularly N and P in the HH monitor well no. 2 indicate an anthropogenic source at this site (Bienfang
and Johnson, 1980; Johnson et al., 2008; Knee et al., 2010; Hunt 2014).
Although the WWTF  appeared to be a point source of nutrients, that was not true of trace elements. Elements with a
distinct terrestrial source include Ba and V. Given the enrichment of both elements in basalt, and the signiﬁcant V enrichment
in the lava tube endmember, Ba and V are most likely sourced from weathering of relatively young volcanic rocks of the
parent basaltic aquifer of the Huala¯lai Volcano (De Carlo et al., 2004; De Carlo et al., 2005). In particular, V concentrations
from the Kaupulehu ﬂow, which is located where the lava tube sample was taken, are particularly high (Clague et al., 1980).
In comparison, U and Mo  were marine-sourced as is commonly reported for Mo  in surface estuaries (e.g., Strady et al., 2009).
Results presented here are within the range reported for a similar suite of trace elements from groundwater and surface
seawater samples collected from Maui (Kahekili) and O‘ahu (Niu and Black Point) (Swarzenski et al., 2013), as well as from
wells on the Island of Hawai‘i (Kona) (Bienfang et al., 2009).
4.2. Mixing model
The effectiveness of physical mixing on restoring nearshore trace element concentrations to oceanic levels has been
observed previously (Migon et al., 2007; Bienfang et al., 2009) and is clearly evident in the two  endmember mixing models
for the trace elements (Fig. 3). Concentrations from the colloid and truly dissolved fractions were similar, suggesting that ter-
restrial particulates are not the primary carrier. This interpretation is consistent with relatively lower suspended particulatePlease cite this article in press as: Prouty, N.G., et al., Groundwater-derived nutrient and trace element trans-
port to a nearshore Kona coral ecosystem: Experimental mixing model results. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2015.12.058
matter (>0.45 m)  concentrations in the groundwater endmember samples (Fig. 6), conﬁrming that land-derived material
ﬂux of particulates was not conveyed by SGD at least during this sampling period. Therefore, the conservative nature of the
SGD-sourced trace elements, Ba and V, indicate that dilution is the main driver of dissolved trace element concentrations.
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Fig. 5. Experimental mixing lines for the colloid fraction for phosphate from groundwater endmembers collected from the (a) Honoko¯hau Harbor (HH)
monitor well no. 2 and (b) lava tube near Kı¯holo Bay mixed with local seawater for both acidiﬁed (square) and unacidiﬁed (circle) samples. Net release
of  phosphate from the Honoko¯hau Harbor (HH) monitor well no. 2 mixing experiments are indicated with arrows for the acidiﬁed (grey) and unacidiﬁed
(black) samples. (c) Release of phosphate (10 M)  from the Honoko¯hau Harbor (HH) monitor well no. 2 mixing experiment due to acidiﬁcation and changes
i
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o
h
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in  seawater pH. (d) Increase in pH relative to salinity from the Honoko¯hau Harbor monitor well no. 2 mixing experiment.
The importance of dilution by mixing is also apparent in the experimental mixing model results for nutrients. In the
bsence of biological processes (e.g., nitriﬁcation), the H4SiO4− and NO3− mixing lines are strictly a manifestation of a two-
ndmember mixing model, controlled by input from the basaltic aquifer for H4SiO4, and land-based activities (e.g., treated
astewater and fertilizer) contributing to increased N-loading (Knee et al., 2010). In contrast, the non-conservative behavior
f PO43− suggests that changes in surface complexation are controlling PO43− concentrations. Results from our experimental
ixing model indicate changes in colloid sorption capacity exert a greater control over PO43− behavior relative to the effects
f dilution. The strong sorption capacity of iron oxyhydroxides for group 5 elements, particularly phosphate and arsenate,
ave been demonstrated in both lab and ﬁeld studies (e.g., Gao and Mucci, 2001; Gao and Mucci, 2003; Chitrakar et al.,
006; Spiteri et al., 2008). Release of colloid bound P has been referred to as the “iron conveyor belt” by (Jordan et al.,
008), where release of PO43− is due to decreased adsorption of PO43− from metal oxyhydroxides by changing the charge
f the adsorbent. Release of PO43− appears to be triggered by both directly acidifying the sample to release total dissolved
hosphorus, and subsequent mixing with seawater of higher pH to release the soluble reactive phosphorus. Acidiﬁcation ofPlease cite this article in press as: Prouty, N.G., et al., Groundwater-derived nutrient and trace element trans-
port to a nearshore Kona coral ecosystem: Experimental mixing model results. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2015.12.058
he sample triggered the initial release of PO43−, releasing approximately 10 M (Fig. 5c). However, at salinity values > 10
he effect of acidifying on PO43− release decreases and the exponential increase in PO43− appears to be related to a change
n seawater pH (Fig. 5c). As reported above, there is a net release of PO43− of 463 M over the full salinity gradient from the
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Fig. 6. Suspended particulate matter (SPM; dry weight mg  L−1) versus salinity for the experimental mixing from groundwater endmembers collected from
the  Honoko¯hau Harbor monitor well no. 2 (circles), and lava tube near Kı¯holo Bay (squares) mixed with local seawater, as well as SPM concentration from
observation wells within Kaloko-Honoko¯hau National Historical Park (KAHO-NHP) (diamonds).unacidiﬁed samples. Multiplying this net release by the fresh SGD ﬂux (210–310 L m−1 min−1; Knee et al., 2010) suggests that
140–206 mol  m−1 day−1 of soluble reactive phosphorus could be released from groundwater upon mixing with seawater
over the full salinity gradient.
The effect of pH on adsorption of phosphate has been previously observed in seawater for goethite precipitate (FeO(OH)),
where maximum adsorption occurs at a pH of 7 (e.g., (Gao and Mucci, 2003). At higher pH values adsorption decreases due
to electrostatic repulsion of phosphate as the hydroxide becomes more negative at higher pH (Chitrakar et al., 2006). The
range and increase of pH values relative to salinity (Fig. 5d) supports the notion that a pH-driven change in the surface
charge of oxyhydroxides is most likely driving the release of PO43− into solution over the observed salinity gradient. To a
lesser degree, desorption of H4SiO4 in the mid  salinity range in the HH monitor well no. 2 mixing experiment (Fig. 4a) can
also be explained by surface complexation effects given the afﬁnity of aqueous silica to sorb to the surfaces of oxides (e.g.,
Davis et al., 2002).
As described earlier, peak PO43− values from the HH monitor well no. 2 mixing experiment occur at a salinity of 15
(Fig. 5a). Spiteri et al. (2008) found that at a salinity of 15 the molar ratio of total dissolved plus adsorbed phosphate to
total surface binding site concentrations was the greatest. Spiteri et al. (2008) conclude that the rapid decrease in SPM and
subsequent drop in available binding sites can explain the non-conservative PO43− behavior. Whereas the non-conservative
behavior of phosphate in estuaries is generally attributed to desorbing from soil and sediment particles, results from our
current study demonstrate that in a subterranean estuary desorption from colloids may  play an important role in PO43−
behavior. The release of oxyhydroxide-bound phosphate within the groundwater-seawater mixing zone must therefore be
taken into account in terms of total delivery of phosphorous to the ocean. Results from our mixing experiments demonstrate
how relative availability of phosphorous can shift with adsorption behavior, substantially affecting the mobility of phosphate
in the FW-SW mixing zone, as well as potential interactive effects with trace metals. For example, high concentrations of
PO43− can enhance the mobility of arsenic in water through competition for adsorption sites (Smedley and Kinniburgh, 2002),
and alter biological uptake of metals in aquatic organisms (e.g., Riedel et al., 2003). Likewise, Miao and Wang (2006) found
nutrient addition strongly inﬂuenced uptake of Cd in marine diatom species, similar to ﬁndings of Wang and Dei (2001).
Conﬁrmation of these processes requires a more comprehensive study by ideally combining results from this laboratory
study with ﬁeld studies.Please cite this article in press as: Prouty, N.G., et al., Groundwater-derived nutrient and trace element trans-
port to a nearshore Kona coral ecosystem: Experimental mixing model results. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2015.12.058
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. Conclusion
In contrast to conventional estuarine mixing where rivers supply terrestrial material to coastal waters, persistent dis-
harge of groundwater to coastal waters along the Kona coast of Hawai‘i supplies the majority of nutrients and select trace
lements. Results presented here indicate conservative mixing of trace elements with salinity based on two  distinct mixing
odels with groundwater endmembers from a lava tube site downstream of a relatively rural region, and an impacted well
ite downstream from a WWTF. The WWTF-treated efﬂuent was  the main source for nutrient enrichment of groundwater
ear the Honoko¯hau Harbor and in the mixing zone. Dilution from physical mixing can reduce the impact of land-derived
utrient and trace element to the nearshore environment. However, the non-conservative behavior of phosphate represents
n important reservoir of bio-available phosphorous in excess of that dissolved in groundwater. Results from this study
rovide additional insights into the patterns and processes that inﬂuence the fate of SGD mixing with nearshore waters,
hich can ultimately impact the nearshore water quality of coral ecosystems. With phosphorous commonly a bio-limiting
utrient, readily incorporated in soft tissues of marine organisms, and a major nutrient contributing to eutrophication, the
hifting availability of phosphorous can potentially make prioritizing nutrient management more complex.
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